The wind industry is looking for ways to accurately predict the reliability and availability of newly installed wind turbines. Failure modes, effects and criticality analysis (FMECA) is a technique utilized for determining the critical subsystems of wind turbines. There are several studies which applied FMECA for wind turbines in the literature, but no studies so far have considered different weather conditions or climatic regions. Furthermore, various design types of wind turbines have been analyzed applying FMECA but no study so far has applied FMECA to compare the reliability of geared and direct-drive wind turbines. We propose to fill these gaps by using Koppen-Geiger climatic regions and two different turbine models of direct-drive and geared-drive concepts. A case study is applied on German wind farms utilizing the WMEP database which contains wind turbine failure data from 1989 to 2008. This proposed methodology increases the accuracy of reliability and availability predictions and compares different wind turbine design types and eliminates underestimation of impacts of different weather conditions.
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Andrawus et al [5] conducted FMECA to optimize the maintenance strategy for 26x600 kW wind farm whereas qualitative FMEA is utilized to prioritize the failure modes in other studies using data from specific turbine models [6] [7] [8] . Dinmohammadi and Shafiee [9] used a fuzzy-FMEA and compared the results with traditional FMEA but they only used a single turbine model and did not consider climatic conditions. Shafiee and Dinmohammadi [10] compared onshore and offshore FMEA results using field data from several resources [11] [12] [13] [14] whereas a combined field data is utilized in [15] to apply FMEA. Direct-drive wind turbine model is distinctively considered for FMEA in [16] whereas other studies either used combined field data or geared-drive wind turbine models for FMEA application. FMEA is applied for design improvement perspective in [17, 18] considering a specific turbine model while required maintenance action is added to FMEA in [19] .
Tazi et al [20] proposed a hybrid cost-FMEA for wind turbine reliability analysis and used a combined field data from several sources [14, [21] [22] [23] [24] . However, no studies have, so far, applied FMECA considering different weather conditions or climatic regions. Also, in several references FMEA is applied to different turbine configurations as considering geared or direct drive or combination of these turbine types but no study compared the FMEA results from direct drive and geared wind turbine technologies comparatively. Nevertheless, as it is stated in [20] the criticality outcomes are influenced by the weather impacts. Therefore, our study aims to fill these literature gaps in by achieving the following:
1-Determining impacts of climatic regions on wind turbine subsystem annual failure rate and downtime per failure values by using failure data from an identical turbine model.
2-Investigating wind turbine subsystem and component failure causes, effects and criticalities considering climatic regions.
3-Defining the differences in annual failure rate and downtime for direct drive and geared wind turbines and revealing differences in failure causes of such failures, effects and criticalities.
Materials and Methods
This study has four different methodological dimensions; these are a) obtaining reliability and availability metrics for an identical turbine model for different climatic regions, b) applying FMECA on the identical turbine models for different climatic regions, c) revealing reliability metrics for two different turbine types for same climatic region and d) applying FMECA on different turbine types.
To reach the first objective, there is a need to classify wind turbine locations based on the meteorological parameters. To attain the second objective a FMECA is applied to all wind turbines considering a turbine model which is spread to different climatic regions. To reach the third objective, two turbine models which represent two different turbine designs are selected from WMEP database and FMECA is applied considering on them.
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Climatic regions
Koppen-Geiger is a climate classification and being cited by almost 5,000 studies in variety of disciplines [25] . Koppen-Geiger climatic regions which are determined based on annual precipitation and temperature records along with seasonal temperature records utilize 12,396 precipitation and 4,844 temperature data stations globally and apply several temperature and precipitation criteria [25] . In Germany, there are four Koppen-Geiger climatic regions as it is seen in Figure 1 . Climatic regions which are present in Germany as follows: For the investigation of the climatic region effect, a control wind turbine model is selected among the highest most common in the WMEP database. For the investigation of turbine type impact, two different wind turbine models are selected as the details are given in Table 2 . A sensitivity analysis has been conducted to see the impacts of turbine capacity, rotor diameter and hub heights for wind turbine model reliability comparison. FMECA requires a taxonomy for wind turbine subsystems. In this study, subsystems and assemblies of wind turbines are adopted considering the classification in [15] and WMEP database classifications. Table 3 lists the subsystems and assemblies of a typical wind turbine. 
Failure modes
Failure modes can be classified as the failures which happen in the specific subsystem (i.e. blade failure, gearbox failure, generator failure, etc.) [18] or more specifically such as fatigue and fracture in toothed shaft of a gearbox, loss of function in lubricant system [26] depending on the data availability. Database which is used in this study does not include detail data about the failure modes beyond the subsystem where the failure occurs.
Failure causes
In this study, failure causes in WMEP database which are given in Table 4 are used. They are high wind, grid failure, lightning, icing, malfunction of control systems, component wear or failure, loosening of parts, other causes and unknown causes. Grid failures depend on the region in which wind turbine is operated, however it is not a climatic impact, so it is not an interest of investigation. Failure effects can be classified in the same way with failure causes which are given in Table 4 . Eight effects of failures are used for FMECA in this study. They are overspeed, overload, noise, vibration, reduced power, causing follow-up damage, plant stoppage and other consequences.
Criticality of failure modes
Criticality Priority Number (CPN) is the one of the most important outcomes of this FMECA application. It is estimated as in the following product:
Criticality Priority Number = (1) It is stated in the literature that 99% of the equipment failures give malfunctioning signals about the potentiality of the malfunction of the equipment [20] . Condition monitoring systems (CMS) enable the detection of the failures in wind turbine subsystems such as gearbox, drive train, generator and tower by use of vibration, heat and pressure sensors [27] . In wind turbines, however, failures often suddenly appear and can not be detected. Visual inspection in scheduled maintenances is also another way to detect potential anomalies in a wind turbine. WMEP database consists of information of scheduled maintenances which were applied regularly on the wind turbines but does not cover the detection rate for the failures. Therefore, it is assumed that visual inspection detects potential failures equally for every subsystem. Although this is a strong assumption, there is no other practical option for estimating detection rate other than assuming that it is equal for every subsystems for this study.
In this study, CPN is demonstrated by two different metrics such as Cost Criticality Number (CCN) and Downtime Criticality Number (DCN). Although in most cases cost criticality is important for the wind operators, downtime criticality would be more important for some rare cases such as energy security for military or health operations. Furthermore, the behavior of CCN and DCN can be very different depending on the external and internal conditions of wind turbines and thus operators can arrange their actions based on their prioritization. CCN measures the risk of having failure in terms of cost in a subsystem of wind turbine while DCN represents the risk of having failure in terms of time. To estimate DCN downtime per failure is calculated by multiplying total downtime per failure and annual failure rate. Evaluation of cost criticality number requires two subcomponents which are cost for the failure mode and cost for loss of energy production for this study. Cost for the failure mode is evaluated by multiplication of annual failure rate and cost per failure whereas cost for loss of energy production is calculated by multiplying lost energy production and electricity price. The generic cost criticality number is estimated by Equation (2).
Equations (3 and 4) are used to estimate the cost for the failure mode and loss of energy production, respectively [13] . Equation (5) evaluates lost energy production and equation (6) 
Cost of lost energy production =
Lost energy production =
Downtime Criticality Number =
where n represents subsystems, pn is annual failure rate occurring and cn is cost per failure in subsystem "n". To estimate the lost energy production in Equation (5), the capacity factor is assumed to be 33% and average electricity selling tariff in the US is assumed to be 12 cents/kWh in Equation (4). It should be noted that this is a conservative assumption since most of the failures occur with the high wind rather than no wind conditions.
The FMECA methodology is applied as in the following:
1-Annual failure rates and downtime per failure values are determined.
2-Downtime and cost criticality values are computed for every subsystem for wind turbines. The comparison between geared and direct-drive wind turbines are applied on 500 kW geared and direct-drive wind turbines in the same climatic region Cfb.
A short example on CCN and DCN computations for rotor blades for climatic region Cfb are demonstrated in Table 5 . Table 6 shows the results of downtime and cost criticality values for every subsystem of wind turbines considering their climatic regions. Cost criticality of a subsystem is calculated using equations (1), (2), (3) and (4). Downtime criticality is calculated by multiplying downtime per failure and annual failure rate per subsystem as in Equation (5).
FMECA results considering climatic regions
As shown in Table 6 that downtime criticality of subsystems differs depending on the climatic regions. Generator, electric system and control system have higher downtime criticality in Cfb, sensors and gearboxes have higher downtime criticality in Dfb whereas rotor blades and electric There is no common cost critical subsystem for wind turbines among different climatic regions as it can be seen from Table 6 . Electric system and gearbox are the most critical subsystems for Cfb and Dfb whereas rotor blades are the most cost critical subsystem in climatic region Dfc.
Although structural parts and housing cost criticality shows a significant value in Dfb since the replacement cost imposes a total replacement of tower, foundations and nacelle which is not in the case in the WMEP database, it is ignored for this study.
The main cause for all failures of components of three critical subsystems is component wear or failure, and the associated effect is wind turbine stoppage. The most critical components in the generator subsystem are bearings as it can be seen in Fig 4. Wear is the only failure cause in all climatic regions. The significant effect of generator failures is noise, and this is observed in Cfb and Dfb. Figure 5 shows that annual failure rate per subsystem differs between direct-drive and geared-drive wind turbines. Hub, generator, sensors, control system, structural parts and housing subsystems have significantly higher annual failure rates in a 500 kW-direct-drive turbine than a 500 kW-geared-drive wind turbine whereas rotor blades, electric and yaw systems have slightly higher values in the same climatic region. Mechanical brake and drive train have slightly higher annual failure rate in the direct-drive turbine than geared-drive turbine whereas hydraulic system has significantly higher value. Furthermore, sensitivity analysis results in Table 7 show that geared-drive capacity change has impacts on downtime per failure values. 200 kW and 500 kW turbine models are the same while 300 kW turbine is another brand. Table 7 shows that the downtime per failure values are significantly higher in 300 kW turbine for gearbox, rotor blades, drive train and yaw system. Gearbox annual failure rates seem to be increased with capacity increase while downtime per failure has no trend.
Control system and electric system are the common highest frequently failed subsystems. The dominant failure cause for direct-drive designed wind turbines for rotor blades is wear whereas loosening of parts, high wind and lightning come into play for geared-drive wind turbines.
Blade bolts are the most problematic components in the rotor blades subsystems in the direct-drive turbine model whereas the highest failure rate occurred in blade shells in geared-drive wind turbines as it can be seen in Figure 6 . The effects of the failures vary depending on the gearing concept of the turbines. The dominant effect is the plant stoppage while noise is the second highest for the direct-drive turbines, whereas reduced power is the main effect for geared-drive wind turbines.
It can be seen from Figure 6 that generator bearings are where the failures mostly occur in geared-drive wind turbines. It is observed that the dominant failure effect is noise in the generator bearings. In direct-drive designed wind turbines miscellaneous parts in the generator subsystem are observed to be as the most affected parts by failures. Table 3 in geared and direct-drive wind turbines
Converter, fuses and switches fail mainly because of the wear or component failure followed by the malfunction of control system in direct-drive design wind turbines as it is seen in Figure 6 . 62% of the failures occur in switches in a geared-drive wind turbine, while this is reduced to 16% for switches in direct-drive turbine. It seems that lightning can be accounted for being a significant failure cause for electric system for geared-drive wind turbines but not for direct-drive turbines. All these differences might be attributed to the quality and durability of materials used in these turbines.
Discussion
Comparing different wind turbines, the main differences are in generator types of two wind turbine types and namely those having gearbox and those with direct-drive. The rest of the subsystems have same functionality while they might be made of different materials with varying quality. The considered direct-drive wind turbine in this study has a synchronous type generator with 38 rotations per minute (rpm) generating 440 V output whereas the geared-drive wind turbine has an asynchronous generator with 1522 rpm and 690 V output. The total weight of the direct-drive wind turbine is much higher than the geared-drive wind turbine generator, 125 t and 85 t, respectively.
Furthermore, electric system, control system, yaw system and hydraulic system might differ in two turbine designs, as well as in general between any turbine models. subsystems with our study for a direct drive turbine, but the scale of cost criticality values is different than our study. This difference may be attributed to the differences of replacement cost assumptions of two studies. Tazi et al [20] found gearbox, rotor blades and yaw system with the highest cost criticality numbers of 49,356 €, 45,367 € and 30,811 €, respectively, ignoring tower, for 2 and 3 MW wind turbines. We found that electric system, generator and gearbox as the most critical subsystems in a geared-wind turbine with $33,709, $13,792 and $12,621 cost criticality, respectively.
In our study, electric system seems to be an addition into the highest cost critical subsystems mainly because of having higher material and installation cost share in a small-scale turbine like 500 kW than a bigger turbine such as 2-3 MW turbine. The highest cost critical subsystems agree between our study and studies in the literature which used same approach for cost criticality evaluations [10, 16, 20] . Slight differences are observed as it is supposed to be because of the differences of reference wind turbine sizes, locations and types.
Conclusions
This  In most of the subsystems direct-drive wind turbines seemed to have a higher failure rate than geared-drive wind turbine in the same climatic region. Direct-drive technology would be thought to be an ideal design for offshore applications because of its less complexity, however this study shows opposite. To come to a solid conclusion though, this comparison should be done with and extensive data with many different make and models of wind turbines in the future.
The main outcome from the current study is that downtime and cost criticalities of subsystems climatic regions such as Koppen-Geiger to evaluate and classify the risk of turbine subsystems.
Although this study is limited to 1989-2008 data, the proposed methodology and lessons from this study are expected to be globally applicable. Further research would include relatively newer wind turbines which spread on a geographic area with many different climatic regions along with failure data to better improve our understanding on distinguishing climatic regions effect on FMECA for wind turbines.
